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Introduction
Human activities have dramatically increased atmospheric concentrations of greenhouse gases since the industrial revolution. Due to fossil fuel combustion and land use changes, global atmospheric CO 2 concentration ([CO 2 ]) has risen from the preindustrial level of 280 μmol mol -1 to about 390 μmol mol -1 in less than two centuries, and may reach 600 μmol mol -1 by the end of this century. Rising [CO 2 ] was accompanied by a temperature increase of 0.8°C from 1850-1899 to 2000-2005 and an additional 1.8-4.0°C warming (best estimations in different IPCC scenarios) is expected in this century (IPCC, 2007) . Clearly, rapid and large changes in [CO 2 ] and temperature may generate profound alterations in plant structure and function. The major knowledge gap in plant responses to climate change is that the interactive effects of [CO 2 ] and temperature have rarely been examined (Lloyd and Farquhar, 2008) . In the limited studies that addressed this knowledge gap, most focussed on plant growth and physiology, but did not investigate leaf structural attributes also known to contribute to the regulation of plant function (e.g. leaf anatomy, chlorenchyma cell size, chloroplast). Therefore, a more complete assessment of plant responses to rising [CO 2 ] and warming should include the role of plant structural attributes (Sallas et al., 2003) . In addition, the majority of previous [CO 2 ] studies have compared modern [CO 2 ] and projected future [CO 2 ], but have not considered preindustrial [CO 2 ] (but see Ayub et al., 2011; Ghannoum et al., 2010a; Ghannoum et al., 2010b; Lewis et al., 2010; Logan et al., 2010; Tissue and Lewis, 2010) .
Leaf structural adaptation plays a central role in the overall adaptation of plants to changing atmosphere CO 2 (reviewed in Pritchard et al., 1999) . In terms of leaf anatomy, elevated [CO 2 ] often generates greater leaf thickness and total mesophyll cross-sectional area, which are important determinants of photosynthetic rate. This phenomenon was mainly attributable to greater cell expansion (i.e. larger cell size) rather than enhanced cell division (i.e. more cells, Ferris et al., 2001; Radoglou and Jarvis, 1992; Ranasinghe and Taylor, 1996; Taylor et al., 1994) and may be driven by increased carbohydrate substrate availability (Pritchard et al., 1999) . In leaf structural analyses conducted at different temperatures, most studies focused on plant responses to cold or heat stress, rather than non-stressful, warmer temperature conditions projected for this century (2 -4°C), and these results are generally inconsistent (Armstrong et al., 2006; Boese and Huner, 1990) . Several studies conducted at a range of non-stressful growth temperatures (10-30°C) found that for the same species, plants grown at higher temperatures had thinner leaves, which was mainly caused by reductions in the thickness of epidermal and palisade and spongy layers, and an associated decrease in the size of mesophyll cells (Gorsuch et al., 2010; Hartikainen et al., 2009; Higuchi et al., 1999; Jin et al., 2011) .
Alterations in plant chloroplast structure in elevated [CO 2 ] have been observed in different species (Griffin et al., 2001) . In mature leaves, elevated [CO 2 ] increased chloroplast number per cell (Bockers et al., 1997; Teng et al., 2006; Wang et al., 2004) and/or the size of chloroplasts (Kutik et al., 1995; Robertson and Leech, 1995; Sinha et al., 2009; Teng et al., 2006; Wang et al., 2004) , but the response pattern could vary due to the duration of exposure to [CO 2 ] and different leaf developmental stages (Robertson and Leech, 1995) . In contrast, fewer studies have investigated the influence of warming on chloroplasts. In Arabidopsis thaliana, it was observed that the number of chloroplasts per cell remained unchanged under 2.5 °C warming, but decreased by 22% under 5°C warming (relative to a control day/ night temperature of 23/18 °C); meanwhile the size of chloroplasts also decreased with warmer growth temperature (Jin et al., 2011) .
Leaf functional attributes are closely linked to their structure. It is widely accepted that leaf anatomy and mesophyll properties can affect carbon assimilation and leaf characteristics. Leaf thickness and mesophyll volume is strongly correlated with leaf area-based carbon assimilation (Higuchi et al., 1999; Niinemets et al., 2007) and leaf mass per area (LMA) (Gorsuch et al., 2010) . It is also generally observed that there is a close correlation between rates of photosynthesis and chloroplast number (Ford and Shibles, 1988; Jones et al., 1993; Miroslavov and Kravkina, 1991 et al., 2004) and ambient temperature (Jin et al., 2011) . However, these studies were conducted using 2-dimensional imaging techniques, such as light or electron microscopy (i.e. chloroplast number was measured per cell cross-section or per unit leaf or cell cross section area);
subsequently, biological interpretation of three dimensional (3D) organisation of chloroplasts is complicated given that in practice, the formulation of the fundamental DeLesses's principle may vary or need empirical correction case by case (Mayhew and Orive, 1974, 1975) . In addition, few studies have combined leaf structural (e.g.
anatomy, chloroplast parameters) and chemical attributes (e.g. nitrogen, carbohydrates) to address the determinants of functional traits (e.g. LMA, photosynthesis) (Smith et al., 2012) . For example, it was found that despite strong positive correlations with N area , foliage assimilation capacity per unit area is more commonly determined by mesophyll volume during leaf development (Marchi et al., 2008) or light acclimation (Muller et al., 2009; Oguchi et al., 2005) , but we are not aware of similar studies on plant acclimation to different [CO 2 ] and temperature treatments (but see (Smith et al., 2012) .
In this study, we applied laser confocal microscopy, which allowed both 2D and 3D and to ambient or elevated temperature (ambient+4°C). E. saligna is a fast-growing local species adapted to the temperature, photoperiod and soils of the Sydney region where the study was conducted. Its fast-growing nature made it likely to be strongly responsive to variation in climate variables and thereby suitable to be a model species.
In addition, extensive researches have been conducted about E. saligna's growth and physiology (e.g. Ayub et al., 2011; Barton et al., 2010; Crous et al., 2011; Ghannoum et al., 2010a; Ghannoum et al., 2010b; Logan et al., 2010) , which contributes to our understanding of physiological effects of leaf structural changes. In this study, we aimed to quantify responses of leaf anatomy and chloroplast parameters to industrialage changes in atmospheric [CO 2 ] and temperature, and to examine whether responses of structural attributes could explain changes in leaf functional properties. For detailed experimental set-up, see Ghannoum et al. (2010a) . In brief, three glasshouse compartments were maintained at current local ambient temperature and three glasshouse compartments were maintained at ambient +4°C (higher temperature treatment (Ghannoum et al., 2010a) .
Materials and methods

Plant material
Five seedlings of E. saligna were selected for each treatment and one visually mature leaf (the 5 th leaf from the top of a branch, located in the middle of the canopy, fully expanded and with a well-developed cuticle layer) of each tree was used for analysis.
Gas exchange measurements were made on selected leaves between 9 am and 4 pm.
Immediately following gas exchange measurements, the leaf was detached from the plant and cut into two pieces along the mid-vein (i.e. the vein was removed). These two leaf sections were used for the analysis of structural parameters and other leaf characteristics (leaf mass per area (LMA), photosynthetic rate, leaf nitrogen and leaf carbohydrates), respectively.
Analysis of leaf, cell and chloroplast parameters
For the confocal microscopic analysis, hand-cut cross sections of ~3mm width were made at selected locations of the leaf (Fig. 1a) . Prior to the analysis, sections were kept in distilled water for at least 20 minutes. Smooth, well-levelled sections (one from each location) that avoided veins and oil glands were selected using a dissection light microscope (Leica MZ12, Leica Microsystems, Heidelberg, Germany) and mounted under a glass cover slip in distilled water on a glass slide for confocal microscopic imaging (Gomez-Casanovas et al., 2007) . Our aim was to use one section from each selected location of each sampled leaf (leaves n=5 per treatment) for imaging. However, some leaf sections were found morphologically compromised and had to be discarded, and therefore, the number of leaves and sections analysed were three to five leaves for each treatment and two to four sections per leaf. In total, confocal microscopy analysis was made on 87 sections from 24 leaves.
Confocal microscopy was performed using a Leica TCS SP5 confocal inverted microscope (Leica Microsystems, Heidelberg, Germany) equipped with a HCX APO 63× water immersion objective. The excitation wavelength was set at 488 nm laser line of Argon laser. Imaging of green emissions from the leaf cell walls was at 500-540 nm and of red chloroplast emissions (chlorophyll) at 650-700 nm using Leica SP5's Acousto Optical Beam Splitter (AOBS®) for excitation-emission separation.
The 3D images were obtained by performing serial optical 25-30 sections (1680 × 1680 pixels in x-y panel, one pixel = ~0.147μm) on the z-axis at 1μm increments (Fig.   1b) . Confocal imaging enabled the quantitative analysis of the 3D structure (see Video S1) of chloroplast parameters within a cell. Images were examined with IMARIS (Bitplane AG, Zurich, Switzerland) 3D analysis software.
A series of leaf, cell and chloroplast parameters were determined from the 3D confocal images. The thickness of the upper epidermis, the palisade layer, the spongy layer, the lower epidermis and the whole leaf was measured at multiple points (mostly 5) of the section. The ratio of palisade layer to spongy layer was calculated accordingly. Five mesophyll cells that lay parallel to the section panel were selected from the palisade and spongy layers, respectively, and the cell size (length and width), the number of chloroplasts per cell, and the diameter of each chloroplast (distance between two farthest points of a chloroplast) were quantified. The chloroplast gas exchange surface area (i.e. the total surface area of chloroplasts facing the intercellular space) of a mesophyll cell was calculated as the product of chloroplast number per cell and cross-sectional area of each chloroplast, assuming it to be in the shape of a circle. All length measurements were made with the software IMARIS 
Photosynthetic capacity and leaf characteristics
Gas exchange measurements were conducted on attached leaves using a portable open gas exchange system (LI-6400, Licor, Lincoln, NE, USA) supplying photosynthetic photon flux density by an in-built red/blue light-emitting diode source. Leaf 
Statistical analysis
Data were analysed using a general linear model for a mixed-model factorial ANOVA;
[CO 2 ] and temperature were set as two fixed factors and leaf, section and cell were set To address whether responses in leaf structural attributes could explain changes in leaf function, multiple regression was performed following a stepwise regression procedure (StatPro, Indiana University, Bloomington, IN, USA) to determine the most important factors that affect LMA and A max .
We expected that any structural attribute that significantly explained the variation of A max would be correlated to the photosynthetic product (TNC), and therefore, tested this prediction with a linear regression. Moreover, we also used linear regression to examine the relationship between chloroplast number per cell and leaf light-saturated CO 2 assimilation rate at growth [CO 2 ] and temperature (A sat ) with the data presented in Ghannoum et al. (2010b) . These linear regressions were conducted with the software SMATR (Warton et al., 2006) and the slopes and interceptions were compared between various regression equations.
Results
Leaf anatomy and chloroplast parameters
The 
Relationships between functional and structural traits
We examined seven variables ([CO 2 ], temperature, Sugar area , Starch area , TNC area , leaf thickness and N area ) that might explain the variation in LMA (with correlation among these variables shown in Table S1a ). The optimum multiple regression equation suggested that 89% of the variation in LMA could be explained by TNC area , leaf thickness and temperature (Fig. 5) . TNC area was the most important factor that affected LMA, followed by leaf thickness, and then temperature (Table 3) . Overall, TNC area alone explains 80% of the variation of LMA (R 2 =0.8) as a statistical predictor and its variation directly contributed to about 50% of the total variation of LMA in a physical sense (linear regression following Bertin and Gary, 1998; Bertin et al., 1999; Edwards et al., 2010, Figure 1a) .
To explore the determinants of A max , we examined seven variables ([CO 2 ], temperature, nitrogen, leaf thickness, chloroplast number per cell, chloroplast diameter and chloroplast gas exchange surface area, see Table S1b for their correlations). The effect of LMA was adjusted by running the analysis with A max-m and N mass and the analysis was conducted twice, respectively for palisade and spongy meosphyll chloroplast parameters. Stepwise regression suggested that A max-m was primarily affected by N mass , followed by chloroplast gas exchange surface area, which is a structural measure of potential cellular gas exchange capacity. These two variables together explained ~63% of the variation in A max-m (Fig. 6 , Table 3 ).
As expected, chloroplast gas exchange surface area per cell was positively correlated to TNC area . This relationship was valid for both palisade and spongy mesophyll cells and for each individual temperature treatment (Fig. 7) ; the slope of the regression lines was marginally significant (P=0.06, SMATR). Similar significant, positive correlations between chloroplast gas exchange surface area and TNC on a mass-and nitrogen-basis were also observed (data not shown).
Correlations between area-and mass-based A sat and the number of chloroplasts per cell were not significant (data not shown). However, chloroplast number per cell, either for palisade or spongy mesophyll, was positively correlated to A sat on a nitrogen basis (Fig. 8) . In particular, the regression lines for palisade and spongy mesophyll had a common slope (P=0.95, SMATR), despite significantly different intercepts (P<0.001, SMATR).
Discussion
In this study, we found leaf thickness and mesophyll cell size increased with rising et al., 2010; Hartikainen et al., 2009; Higuchi et al., 1999; Jin et al., 2011; Pritchard et al., 1999) . This pattern is congruent with the observation that higher [CO 2 ] increases photoassimilate, thereby promoting plant tissue growth, while warmer temperature accelerates the growth cycle, which may limit leaf and mesophyll cell size due to earlier maturation. Our observation of increased meosphyll cell size
and an unchanged mesophyll cell number per slice in higher [CO 2 ] and lower growth temperature also indicate that increased leaf size is mainly due to cell expansion (increased size) rather than cell division (more cells), as has been observed previously (Ferris et al., 2001; Radoglou and Jarvis, 1992; Ranasinghe and Taylor, 1996; Taylor et al., 1994; see review, Pritchard et al., 1999 
Correlation between leaf structural attributes and functional traits
In broad-leaf plants, LMA is a product of leaf density and thickness. For E. saligna, the response of LMA to preindustrial-to-future [CO 2 ] and warming treatments was mainly the result of TNC accumulation (Bertin and Gary, 1998; Bertin et al., 1999; Edwards et al., 2010) , which strongly affects leaf density (R 2 =0.73, P<0.0001), and altered leaf thickness, which has previously been observed (Pritchard et al., 1997) .
We found that changes in TNC area were larger than changes in leaf thickness.
Consequently, the dominant determinant of LMA was TNC area (explained 80% of the variation), while leaf thickness was secondary. This pattern suggests that leaf et al., 2010; Kao and Chang, 2001; Mendez-Alonzo et al., 2008; Ogaya and Penuelas, 2007; Zhang et al., 2005) . The effect of leaf thickness on LMA has been largely described by the step-wise multiple regression procedure; therefore the temperature-LMA correlation in E.saligna may mainly be attributable to altered leaf density. The constant number of mesophyll cells per cross-section in E. saligna suggests that the variation in cell density is limited. Therefore, the variability in LMA with higher temperature was more likely generated by variation in leaf structural We often observe that photosynthesis is positively correlated with chloroplast number (Ford and Shibles, 1988; Jones et al., 1993; Miroslavov and Kravkina, 1991) therefore, leaf nitrogen remained the primary factor affecting photosynthesis.
Interestingly, in slow-growing E. sideroxylons, nitrogen also appeared to be a more important factor to influence A max than palisade layers (another structural attribute), despite a very different response pattern of A max . More studies are deserved to confirm whether this conclusion applies widely in more plant species.
In previous studies, the general relationship between chloroplast number and photosynthesis in response to climatic variables was established (Jin et al., 2011; Wang et al., 2004) . However, there may be significant limitations associated with 2-D leaf cross-section imaging (chloroplasts per cell cross-section or cross-section area)
that hinder biological interpretation. The advantage of 3D imaging in plant structural
and functional studies has been demonstrated in the literature (Armstrong et al., 2006; Chen and Liu, 2009; Omasa et al., 2009; Skaloud and Peksa, 2008; Wuyts et al., 2010) . For example, in an earlier study on Opuntia ficus-indica, the number of chloroplasts and mitochondria per cell were addressed and a positive relationship between mitochondrial number per cell and leaf dark respiration rate was identified (Gomez-Casanovas et al., 2007) . Here, utilising 3-D confocal imaging in E. saligna further allows quantifying the number of chloroplasts within the whole cell. This advantage will facilitate scaling changes in cell chloroplasts to the leaf level and correlating these cellular changes with gas exchange properties, and thus may enhance identification of the structural adjustments that underpin functional changes in response to climate change. 
